The modern telecommunication systems such as mobile radio network, wireless and satellites require the use of tunable high selective filters with a high quality factor Q. Unlike large sized passive filters whose frequency is difficult to tune, active inductor based filters have lots of benefits such as electronic frequency tuning, simplicity of integration and minimizing size. However, the intrinsic losses of the transistors limit the quality factor and the energy consumption remains significant. To remedy, various techniques exist in literature to boost Q including biasing conditions optimization in order to save energy and improve the quality factor of the filter. The centre frequency tuning requires varactors widely used in filtering and low noise amplifier circuits. In this way the frequency may be varied without affecting the quality factor of the filter. In this paper an active filter using 0.15 µm PHEMT technology is proposed with a centre frequency of 38 GHz for use in the next 5 generation of mobile network system. The aforementioned filter presents a high quality factor, a very good out-of-band rejection
Introduction
The millimetre band is increasingly attracting the interest of wideband applications such as WPAN around 60 GHz [1] , [2] and 5G between 5GHz and 40 GHz [3] . Implementation of lossless high selective filters is becoming more challenging due to millimetre band high atmospheric attenuation in particular signals in the range of 57-64 GHz that are subject to severe attenuation because of their absorption by oxygen molecules [4] . Active inductor based active filters are widely used for filtering applications in the S_band between 2 and 4 GHz, their frequency tuning ease makes them very suitable for multi-band applications. Their replacement of the classical passive filters allowed them to reach very high selective frequencies, but they still need enhancements to remedy to loss and noise limitations caused by active components in order to reach the millimetre band. In mobile systems, the growing demand for applications requiring constant connectivity and the demand for large bandwidths to cover the needs for high data rates require the migration to 5G that promises high capabilities such as high mobile communication rates of up to several gigabit data per second and low latency. As the frequency range allocated to 5G is not being defined yet (Fig. 1.) , the entire spectrum of 1GHz to 100 GHz is currently considered [5] . Currently, a vast spectrum is available beyond 30 GHz and below 100 GHz, 5G wireless and cellular systems are most likely to operate at 28 GHz and 38 GHz [6] . Based on this assumption, this paper presents an active band-pass filter with a resonant frequency of 38 GHz. It uses an active inductor that provides the centre frequency. The latter is tuned due to a varactor that allows constant bandwidth over the tuning range. Biasing conditions and active matching networks were used and optimized to obtain the best performances, namely high centre frequency, low noise figure, out-of-band rejection and system stability.
Active inductor principle
High quality factor integrated band-pass filters based on resonator theory using both passive and active inductors have been widely used in multi standard applications and are increasingly enhanced to reach high quality factor and selectivity. Passive inductors are bulky and cannot be easily tuned in frequency; their large size increases therefore losses and the cost of the circuit. Unlike passive inductors, active inductors are increasingly used because of their small size, ease of tuning and integration while offering a high quality factor [7] [8]. The inductance is an essential element in the design of LNAs and oscillators used in the receiving chain. To implement an active inductance, several topologies are implemented. In our research, we study the active inductor based on gyrator as stated by Wu Yue [9] . The gyrator was invented by Bernard D. H. Tellegen (1900 Tellegen ( -1990 . Its symbol is given in Fig. 2 .
Fig. 2. Gyrator closed on impedance
It was first designed for low frequency applications where transconductance operational amplifiers were used to simulate grounded or floating active inductors using external built-in capacitances. These circuits were subsequently upgraded in order to reach high frequencies. The gyrator considered as a 2-port component, when closed on impedance, is described by the following impedance matrix:
This equation stipulates that there is no energy generated, stored or dissipated, since the input power is equal to the output power. When the impedance is capacitive, the input impedance of the circuit is as follows:
where Rg is the gyration resistance [10] . This equation means that when the ideal gyrator is closed on a capacitance, it simulates the effect of the effect of an inductive impedance of value: L = Rg 2 . C (3) This equation illustrates the possibility of using ideal gyrators in combination with capacitors in order to simulate inductors, hence the term active inductor. Active inductors based on transistors only and using internal capacitance have been a giant step towards system integration. They are widely used in the implementation of preselective filters, bandpass filters, LNAs and oscillators, replacing the Standard SAW filters. All these implementations exploit the inductive effect and the selectivity around the resonant frequency [11] . In the following, we use the principle of the gyrator to design an active band-pass filter based on active inductance. Our objective is to choose an electronically tunable topology and to adapt it to high frequencies in order to meet the specifications of the fifth generation. Our choice is based on the topology presented by Wu Yue [9] (Fig.3) .
Fig. 3 Active inductor
We used in the simulations a nonlinear model of the Ga-As pHEMT 0.15 µm transistor delivered by the foundry United Monolithic Semiconductors (UMS) [12] , whose characteristics are given in table I. The active inductance is constituted by a common source transistor M, in feedback with another transistor mounted as a common gate M. The two transistors constitute a gyrator which transforms the internal capacitance Cgs (between gate and source) of the first transistor into an inductor. The equivalent small signal circuit of the inductor is given in Fig. 4 . 
In investigating equation (4), four terms can be deduced (5) . The equation is a second order transfer function whose terms constitute a parallel RLC resonator. The RLC circuit may be considered as an equivalent inductor if the operating frequency is lower than the resonant frequency. The series and parallel resistors are the source of the losses of the RLC circuit. The approach adopted for measuring the elements of the equivalent circuit is based on the extraction method of the intrinsic parameters of the transistor cited hereinafter.
Extraction of the intrinsic parameters of the transistor
By studying the small signal circuit of the transistor (Fig. 5) , the equations of the latter using the Y matrix are given by (6): 
When the voltage VDS = 0, Y11 and Y21 are expressed as:
; 21 = − . .
When the voltage VGS = 0, Y12 is expressed as: 
For a given frequency, the intrinsic parameters of the transistor are calculated and then used in the parameterization of the elements of the equivalent circuit. The simulations of the two circuits of the active inductor using pHEMT and the equivalent RLC circuit calculated from the intrinsic elements of the transistor are given by Fig. 6 . Several adjustments due to the inaccuracy of the curves caused by the neglected parasitic capacitances of the non-linear transistor have been made; we obtain two perfectly concordant curves:
Fig. 6 Input impedance of RLC and AI circuit
The first simulations show a resonant frequency of 13 GHz, with an inductive effect above it and a capacitive effect beyond it.
Designed active filter
As we have demonstrated, active inductor constitutes the main element in a structure which performs the filtering operation by delivering the resonance frequency. In order to design an active bandpass filter using this active inductor structure, adaptation stages must be inserted in the input and output. In addition, the frequency tuning circuit will also be used in the design of the final filter with the same motivations. The input and output matching stages are located on either side of the designed filter (Fig. 7) . The input component upstream of the active inductor makes it possible to deliver an impedance of 50Ω to the preceding stage, while the output buffer, downstream of the filter, makes it possible to approach the reference impedance 50Ω on the load side. Fig. 7 Symbol of the transistor and small equivalent signal circuit Input and output adaptation play a very important role in the response of the final filter as the addition of adaptation stages directly influences its performance [13] [14] . Then, the choice of input and output buffers must be thoroughly studied so that they fulfil their role of adaptation without changing other critical characteristics
RLC Input Impedance
Active inductor input impedance such as the central frequency. Several topologies have been proposed in the literature, mainly in passive circuits [15] , which allow a good linearity, but are inadequate for multi-standard applications, but also in active circuits which allow the stability of the circuit over a wide range of Frequencies [16] . The topology adopted for active input adaptation consists of a transistor mounted as a common gate. It has the advantage of having a low input impedance and a very high output impedance. For a low value of capacitance Cgs and a transconductance of the order of 20 mS, the input impedance becomes very close to 50Ω [17] . For the output, unlike the previous structure, the common drain circuit has an infinite input impedance on the side of the active inductor (resonator) and an output impedance of the order of 1/ gm on the load side. The optimization of the input and output buffers means choosing an optimum operating point in the saturation region in order to reduce the sensitivity of the frequency caused by a variation in the load. In this context, a simulation study was conducted to choose the optimal point. To this is added the effect of the coupling capacitor which isolates the continuous component and which must therefore be taken into account when tuning the filter frequency in order to have the desired central frequency.
Simulation results
The simulation of the S parameters of the topology cited is given in fig.8(a) . This curve shows reciprocity on both sides of the central frequency of 38 GHz. This filter has low insertion losses <5 dB. The calculated bandwidth is 50 MHz in accordance with 5G standard [18] . Input and output reflections are -16 dB on a band between 37 GHz and 39 GHz, allowing out-of-band rejection, thus meeting the requirements of selective filters and the IEEE standard for local and metropolitan area networks [19] . The noise figure and the stability factor presented in Fig.8(b) describe the behaviour of the filter on the millimetre band. The stability of the filter is proven all around the resonant frequency with a minimum of 1.3 (> 1). The noise figure has its minimum at the resonant frequency; however, it remains higher than the assumed value for similar active inductors. To characterize the microwave circuit performance, the effect of technological dispersion must be evaluated. The Monte Carlo analysis enables to randomly vary the values of circuit components specified by the UMS foundry, according to the statistical distributions to obtain the variation of the overall performance. We achieved a Monte Carlo analysis of 50 iterations shown on Fig. 9 (a) . We observe that the results of the iterations have almost the same amplitude with a variation of the centre frequency between 36 GHz and 40 GHz. This variation can be corrected easily by changing the voltage of the varactor to change the operating frequency. The layout of the designed filter is shown on Fig. 9 (b) with the dimensions 987 × 952 μm2.
Conclusion and Prospects
As an overview of this article, active inductor based active filters replacing passive filters are of great interest in terms of quality factor, large frequency tuning range, ability to achieve high values of inductance and ease of integration. Reaching high frequencies in the millimetre band is a challenging issue. Due to the proposed topology a centre frequency of 38 GHz is obtained with high out-band rejection. The technology pHEMT from UMS foundry was used in this study pHEMT based filter appears to fulfil 5G requirements, but displays high noise figure, which calls for further noise study.
